Purpose Early detection of blood vessel pathologies can be made through the evaluation of functional and structural abnormalities in the arteries, including the arterial distensibility measure. We propose a feasibility study on computing arterial distensibility automatically from monoplane 2D Xray sequences for both small arteries (such as coronary arteries) and larger arteries (such as the aorta). Methods To compute the distensibility measure, three steps were developed: First, the segment of an artery is extracted using our graph-based segmentation method. Then, the same segment is tracked in the moving sequence using our spatiotemporal segmentation method: the Temporal Vessel Walker. Finally, the diameter of the artery is measured automatically at each frame of the sequence based on the segmentation results. Results The method was evaluated using one simulated sequence and 4 patients' angiograms depicting the coronary arteries and three depicting the ascending aorta. Results of the simulated sequence achieved a Dice index of 98%, with a mean squared error in diameter measurement of 0.18 ± 0.31 mm. Results obtained from patients' X-ray sequences Conclusions The proposed method measures changes in diameter of a specific segment of a blood vessel during the cardiac sequence, automatically based on monoplane 2D Xray sequence. Such information might become a key to help physicians in the detection of variations of arterial stiffness associated with early stages of various vasculopathies.
Introduction
Early detection of blood vessel anomalies can improve treatment for cardiovascular pathologies such as Kawasaki disease, heart transplant rejection or arteriosclerotic vascular disease. Such pathologies affect the elasticity of coronary arteries (CAs) and the aorta [27] . The elasticity of arteries during the cardiac cycle is used to assess vascular function and to help with diagnosis and treatment. The distensibility measure is one of the most accurate indicators of elasticity and of any potential cardiovascular disease at an early stage [6] . This measure computes the correlation between a vessel's change in diameter during systole and diastole with variations in blood pressure. The accurate measurement of a blood vessel's diameter from 2D X-ray angiograms is critical to compute distensibility. An optimal procedure to assist cardiologists is to: (1) segment the section of the vessel of interest; (2) track the same section of the vessel in the moving sequence; and (3) compute its diameter in each frame. All these steps should occur automatically, as illustrated in Fig. 1 . Extracting, tracking, and measuring the diameter of arteries from moving sequences is a challenging task. First, segmenting arteries can depend on the nature of the artery and the imaging modality. An exhaustive literature review on the subject has been conducted previously [15] . Different approaches have been proposed to address the challenges of segmenting blood vessels. They are either based on variational approaches such as level sets [29] , or on graph-based methods such as graph cuts [24] , or random walks [30] . In the current study, we used a method we developed called Vessel Walker [18] that extends the random walks method [10] to segment blood vessels. Second, vessels like coronary arteries are subject to a combination of cardiac and respiratory motions, which are challenging to model, as observed by Shechter et al. [25] . Indeed, the motion observed in X-ray angiography is a projection of a 3D model on a 2D plane. This makes the depicted anatomy of the CA and its motion even more complex, where for example two vessels from two level of depths can be projected as overlapping vessels in the 2D plane. Also, clinicians need to be able to evaluate a specific part of an artery. Existing solutions track all the vessels in the sequence, such as the entire coronary tree. The method [7] is successfully applied in detecting the presence of stenosis, where there is no change in diameter along the cardiac cycle (i.e., the diameter of a stenotic artery has a constant value in time). Their work did not evaluate the efficiency of the method in early stenosis detection, when the diameter changes are observable but smaller than healthier arteries. In this study, we focus on tracking and evaluating a segment of an artery within a specific region of interest (ROI) to assess the diameter changes in time in order to eventually detect blood vessel anomalies at a very early stage. In this paper, we present our Temporal Vessel Walker method (TVW), previously described in [19] , to track a specific part of an artery using temporal priors. Third, diameter changes in the cardiac cycle can be very small (less than 1 mm for coronary arteries). Therefore, a precise measurement tool that can capture very small changes in diameter is needed. Finally, an automatic method needs to be able to return robust results when dealing with both small arteries (such as coronary arteries) and larger arteries (such as the aorta).
Computing distensibility usually involves manual diameter measurements at specific locations in one or two frames in the angiographic sequence. However, such a procedure can be time consuming and can lead to important inter-observer and intra-observer variability [26] . Other measurement techniques are proposed in the literature or with existing software [11, 17, 22 ] to semi-automatically segment part of a vessel from a single frame. To the best of our knowledge, these methods do not include a temporal analysis of diameter variation; neither do they track the vessel in the moving sequence. In addition, existing works that evaluate distensibility are applied to other imaging modalities, such as ultrasound images [16] , CT images [2] , or MRI [13] . Studies on quantifying arterial structures based on 2D X-ray angiograms do not present fully automatic tracking of the diameter of a specific part of an artery in the cardiac sequence. Some of these methods usually use a 3D reconstructed model from biplane views to evaluate the vessel's width [9] .
Few groups have studied the correlation between the assessment of artery distensibility from 2D angiography sequences and the detection of pathologies using automatic centerline extraction and diameter estimation [3, 4] . The current research explores automatic computation of diameter variations of large and small blood vessels from monoplane 2D X-ray sequences. We introduce a new method to measure changes in diameter of a specific segment of a blood vessel during the cardiac sequence, automatically based on monoplane 2D X-ray sequence. The method was validated using simulated sequences and data from patients displaying coronary arteries and the ascending aorta. Figure 1 describes the steps of the proposed method. First, a ROI surrounding a section of an artery is selected (left image in Fig. 1) . Then, the artery within the ROI is segmented and tracked using our proposed method, described in the following section. Finally, the mean diameter of the extracted artery is computed at each frame and is described in Sect. 2.2. Our final results are compared with manual measurements and with the Mirzaalian's method [20] . The latter method uses a graph-based method and a Markov random field to assess blood vessel scale.
Materials and methods

Segmentation and tracking of a section of artery
In the first frame of the 2D X-ray sequence, the section of the vessel is segmented using our Vessel Walker (VW) segmentation method [18] . This method extracts vessels in X-ray images by combining a graph-based representation and vesselness features. These features are computed using a hessian-based filter [8] , which assigns to each pixel a probability-like value that it belongs to a tubular structure. Using the Vessel Walker result, the vessel within the selected ROI is extracted. The same extracted section of a vessel has to be tracked in the rest of the frames. Our idea is to use the segmentation result in one frame to segment the following frame. To do so, we extend our previous Vessel Walker method to guide the segmentation of the same structure in the sequence using previous segmentation results. This lead to the Temporal Vessel Walker method, described previously in [19] .
Having the segmentation result f t−1 from the previous frame I t−1 at time (t − 1), the TVW method computes the segmentation result f at the current frame I t at time t. The optimal solution f is a mapping f : I t → {0, 1}, where f i = 1, if the pixel i belongs to the vessel, and f i = 0, if i belongs to the background. The method is defined as the minimization of the following energy equation:
In this equation, frame I t is represented by graph G = {N , E}, with node set N representing all pixels in the image. Each pair of neighboring nodes is connected by an edge with a weight w i j expressing the intensity similarity between the nodes. The value of b i ∈ [0, 1] expresses the vesselness feature of a pixel i computed using Frangi's filter [8] , which assigns a probability-like value that a pixel belongs to a vessel. Parameters α, β ≥ 0 are used to control the trade-off between minimizing the vesselness of background pixels and maximizing the vesselness of foreground pixels. Parameter μ controls the weight of temporal prior information in the final segmentation result. The obtained result f assigns to each pixel a probability that it belongs to the foreground. To get a binary segmentation, Ostu's [21] thresholding method is applied on vector f . The TVW tracks and segments the specified part of an artery in spite of the cardiac and respiratory motions and without any prior registration. To validate that the TVW segmentation result at time t has the same length as the original section of artery at time t − 1, an intensity-based rigid registration is applied. After computing the TVW result, the segmentation mask from the previous frame f t−1 is aligned on the TVW result f. The sections from f that do not overlap with f t−1 are deleted. Finally, for each segmented frame and to limit background noise, a post-processing step is applied to get only the biggest connected component as the final segmentation result.
Measuring a vessel's diameter
The proposed approach is a modified version of an existing one [7] to compute a vessel's diameter. After extracting the part of the vessel in the moving sequence, the mean diameter at each frame is measured. The method starts by extracting the centerline of the vessel using the HamiltonJacobi skeleton [5] , as shown in the left image in Fig. 2 . The Hamilton-Jacobi method is well known for its accuracy in extracting centerlines homotopic to the original objects. It has been proved to be computationally efficient and robust to boundary noise.
The vesselness filter is used again at this step to locate the vessel's direction at each point on the image. To measure the vessel's width, the vesselness vector for each centerline point is computed using the Frangi method [8] . This vector indicates, at each point of the centerline, the direction of the vessel. Following the direction normal to the vesselness vector at one point, the method looks for the boundary pixels on either side of the centerline, as illustrated in the middle image in Fig. 2 . The diameter of the vessel is computed as the sum of the distances between each centerline point and its corresponding boundary pixel from two sides of the centerline, as in the right image in Fig. 2 .
The method computes the diameter for every centerline point. Such information can be valuable for identifying local deformation within the vessel, such as stenosis. In the context of this study, the mean diameter of the selected segment is considered.
Imaging data
To evaluate the proposed method, three datasets were selected:
(1) Simulated data One simulated X-ray sequence displaying the coronary artery tree. The sequence was acquired with the XCAT phantom, developed by Carl E. Ravin Advanced Imaging Laboratories [23] . The XCAT provides a realistic view of coronary arteries in 2D X-ray angiography. The sequence displays in 69 frames, right and left coronary arteries moving under respiratory and cardiac motions. Ground truth segmentation masks of the artery are provided using the XCAT system; this is used to evaluate the segmentation accuracy of the proposed TVW method. Fig. 2 The different steps to compute a vessel's diameter (2) Patient data Seven 2D X-ray sequences of young patients were acquired from Sainte-Justine Hospital (Montreal, Canada). The data were acquired using a Carm Infinix-CFI BP by Toshiba. They were anonymized into the DICOM format and were recorded after approval by the Sainte-Justine Institutional Ethics Review Board. These angiograms display coronary arteries and the ascending aorta:
(a) Three X-ray sequences displaying the ascending aorta of three young patients. To evaluate diameter computations of the proposed method, the width of the ascending aorta was manually measured by an experienced user at each frame. (b) Four 2D X-ray sequences of young patients displaying the right coronary artery. Ground truth segmentation masks are not provided. However, two X-ray sequences have corresponding manual diameters measured by one clinical expert at one frame. Knowing that the aorta can be much larger than a coronary artery, the degree of manual measurement error can be smaller. Therefore, these manual measurements are used to validate diameter computations.
The following experiments evaluated segmentation, tracking, and width measurements of coronary arteries and the aorta on simulated and patient X-ray sequences.
Results
Results using the simulated coronary arteries sequence
The proposed method was evaluated using the simulated Xray sequence. The objective was to evaluate the accuracy of the method in segmenting, tracking, and measuring a section of a right coronary artery as shown in Fig. 3 . We used the Dice index to assess the overlap of our results with the ground truth mask provided using the XCAT system. Mean performance of the method had a high Dice value of 0.98 with a precision result of 1 and recall of 0.96. Such results confirm the accuracy and robustness of the proposed Fig. 3 The segmentation section of interest in yellow at frame 1 of the simulated sequence provided by the XCAT system with a view of both left and right coronary arteries method in segmenting and tracking the section of the artery in all 69 frames of the sequence. Because ground truth results in terms of vessel diameter in the sequence were not available, the vessel's width from ground truth masks was computed using our diameter approach and using the method proposed by Mirzaalian and Hamarneh [20] . We compared these measurements to our TVW method. Figure 4 shows the different diameter measurements of the section of right coronary artery in the simulated sequence. The three curves have a similar pattern, with diameter values close to each other. Our computed mean diameter (over the temporal sequence of 69 frames) was 4.58 ± 0.29 mm. Comparing our results (red curve) with ground truth measurements using the Mirzaalian's method (blue dashed curve) gives a mean squared error of 0.16 ± 0.11 mm. Comparing our results with the ground truth measurements using our measurement approach (pink dotted curve) gives a mean squared error of 0.18 ± 0.31 mm. Both errors are relatively low, and our method succeed in measuring the diameter while capturing small diameter changes. Despite differences in diameter measurements among the three curves, they all show the same pattern repeated five times. This pattern corresponds to five cardiac cycles simulated by the sequence. The three curves capture the same diameter changes in systole and diastole, which confirms the hypothesis that it is possible to capture small changes in an Fig. 4 Diameter measurements of the targeted section of the vessel at each of the 69 frames of the simulated sequence. Red curve temporal Vessel Walker segmentation results with our proposed diameter measurements. Pink curve diameter measured using our diameter computation method on ground truth segmentation masks provided by the XCAT system. Blue curve diameter measured using the Mirzaalian method [20] on ground truth segmentation masks artery's diameter from 2D X-ray sequences. More tests are required to assess the precision of our diameter measurements. The following section evaluates this precision.
Results using patients sequences
Results using an aorta dataset
The proposed method was tested on three sequences displaying the aorta. The aorta is a large blood vessel with big diameter variations during the cardiac cycle. Sequences showing the ascending aorta were selected and their corresponding diameters were manually computed. Due to a much larger diameter compared to coronary arteries, the degree of manual measurement error is expected to be lower.
Sequences displaying the aorta have low contrast compared with coronary artery sequences. Therefore, the intensity level is inhomogeneous in the aorta and the contrast with the image's background is low. To enhance the contrast level in the frame, an anisotropic filter [14, 28] is applied to enhance intensity homogeneity within the aorta, while limiting noise level. Additionally, superpixel computation [1] was added as a pre-processing step to simplify the segmentation and tracking steps. The superpixel method defines small groups of similar pixels. It is an over-segmentation method that ensures that similar pixels stay connected, while respecting the object's boundaries. Because the contrast in these images can be limited and the intensity level inside the aorta can be inhomogeneous, the superpixel method helps create large groups of similarly connected pixels, making segmentation and tracking more accurate. Moreover, using the superpixel method simplifies the design of graph G used in equation (1) by considering each superpixel as one node of the graph (instead of considering each pixel as a node in graph G).Furthermore, the registration step is skipped because the motion of the aorta is not as large as the motion of coronary arteries. Figure 5a displays the selected ROI in the second sequence of our dataset. Figure 5b shows the probabilities assigned by the Vessel Walker method to each pixel in the frame. The method accurately highlights the aorta (red colored regions showing high probabilities that they belong to the aorta) from the background (blue colored regions showing low probabilities). Using this result, the segmentation mask is computed within the specified ROI. The result in the first frame is displayed in yellow in Fig. 5c . The segmentation and tracking results in the other frames (Fig. 5d, e ) using TVW and superpixels show that the method succeeds in extracting and tracking the specified part of the ascending aorta. Figure 6 shows mean diameter of the ascending aorta computed at each frame of the sequence. It displays the diameter variation curve using our approach (red curve) compared with ground truth manual measurements (blue dashed curve) and the diameter computed using the Mirzaalian method [20] (pink dotted curve). Our measurements are close to the ground truth measurements with the mean squared error was 0.7 ± 0.6 mm. The proposed diameter measurement method performs better than the Mirzaalian method. Table 1 shows mean diameter results over each sequence of the aorta dataset. The first and second columns of the table show the diameter computed using our method and the Mirzaalian method. The third and fourth columns show the corresponding mean squared error (MSE) between our measurements and manual ground truth measurements and between Mirzaalian measurements and ground truth. The results indicate that the proposed method returns a better performance (mean MSE = 1.5 mm) compared with the Mirzaalian method (mean MSE = 18.1 mm). This is explained by the Mirzaalian method working accurately on thin vessels but not adapting to compute the scale of large vessels like the aorta. Our method, however, can compute accurately the scales of both thin and large vessels.
Results using a coronary artery dataset
The proposed approach was tested on four angiographic sequences displaying the right coronary artery. We measured manually the four coronary arteries' sequences in our dataset. Table2 shows the mean diameter computations along the sequence using our automatic results compared to manual measurements. We can see that except for sequence 3 that where more challenging to segement and track, all results have values that are close to the manual ground truth in terms of mean diameter and standard deviation values. While these manual measurements may be not as precise as those taken for the aorta, they can be used as a general indicator of the performance of the proposed method. Figure 7 shows the computed diameter values per each frame for the first sequence. The curves from manual measurements (blue dashed curve) and the proposed method (red curve) are similar to each other and have measurements in common (for example, at frames 9 and 26). This is fur- ther shown by a mean squared error of 0.52 ± 0.35 mm. The proposed measurement method performs better than the Mirzaalian method [20] , where its curve is far below the manual result, with a mean squared error of = 1.19±0.67 mm. In most frames, the standard variations in the computed diameter values per frame using our method are small. We notice some larger variation values at specific frames especially at frames 15 and 19 were at these locations; the motion of the artery was too large. However, the overall standard variations per frame is relatively small compared to the mean diameter value (5.52 mm).
Manual measurements by a clinician were provided in one frame from the second and fourth sequence. Figure 8a shows manual measurements of the artery made by a clinician on the fourth sequence of the dataset. The rest of the images in Fig. 8 show the manually specified ROI in the first frame of the fourth sequence of our dataset with the computed segmentation results overlaid in yellow on four frames of the sequence. The segmentation results are encouraging because they track accurately the specified section of the vessel despite the presence of cardiac and respiratory motions. The computed mean diameter using our method was 3.08±0.2 mm, which is close to the diameter measured around region B in image 8a, with a measurement of 3 mm, indicating again the accuracy of the proposed method. Figure 9 shows the computed diameter in each frame of the second sequence of the dataset with its corresponding electrocardiography (ECG) signal at the bottom (left). The diameter values decrease and then increase depending on changes in the ECG signal. The diameter curve starts with a maximum value at the first three frames of the sequence and decreases after frame 4. The decrease in diameter happens at the first spike in the ECG signal (near the QRS complex), which corresponds to the systole phase of the cardiac cycle. At that time, the myocardium is contracting and blood flow is limited in the coronary arteries. After the first peak, the diameter starts to increase again around frame 10 of the sequence. This corresponds with the ECG signal for diastole, when the myocardium relaxes and coronary artery flow increases. The diameter curve reaches a maximum before the second spike in the ECG signal. This shows that the proposed automatic method can capture the diameter variation corresponding to the cardiac cycle. The image on the right in Fig. 9 shows that the diameter manually measured around segments A and B is 1.9 mm, which is close to our computed mean diameter value of 1.555 ± 0.13 mm.
Discussion and conclusion
Computing the properties of blood vessels is of crucial importance in order to detect pathologies. Our method focuses on computing diameter changes that occur in a specific segment of a blood vessel, such as the coronary arteries or the aorta, automatically from 2D X-ray sequences.
Tracking a section of a vessel in X-ray sequences can be error-prone. This is because a segment of vessel is a dark Left diameter values per frame using the proposed approach in the second sequence of the coronary artery dataset with the corresponding electrocardiography signal (blue curve with the red circles; circles correspond to frame acquisition times). Right manually computed diameter by a medical expert from Sainte-Justine Hospital tubular structure similar to all blood vessels displayed in the sequence. Using our proposed TVW method, we were able to overcome the problems associated with tracking a section of vessel. Figures 5 and 8 show how, starting from a specified ROI, the method extracts and tracks accurately the section of the vessel. Thanks to the use of neighborhood and vesselness feature correspondence from one frame to the following, our proposed TVW model can find frame-to-frame correspondence despite the complex 3D motion of blood vessels.
Our TVW method uses vesselness features computed with Frangi's filter [8] for segmentation and tracking. Despite its performance, this filter can be limited at vessel's bifurcation or overlap. We focus on the extraction of vessel segments that may need to be stented and that do not include bifurcation.
However, it has been shown that the combination of neighborhood and vesselness information, similarly to the TVW model, has a better performance in extracting the vessel at bifurcations [18] than using vesselness information only.
With regard to the estimation of a vessel's width, the Mirzaalian method [20] has shown successful results on a retinal vessel dataset. That method optimizes the assignment of scale labels to each part of the vessel. It enhances the scale values computed using the Frangi vesselness filter [8] . However, as shown in Table 1 , the method seems to perform better on thin vessels rather than larger ones such as the aorta. In contrast, our proposed method is more accurate at computing the diameter of both large and thin vessels. It should be mentioned that vessels depicted in 2D angiographies can be bigger and smaller depending on the source-target distance. In this study, we focus more on assessing the diameter variation in the cardiac cycle rather than measuring the true size of the vessel. To estimate the latter, a 3D reconstruction from biplane acquisition is needed, as shown in the work by [12] . In the current study, we focus more on evaluating the diameter variations of the vessel and its correspondence within the cardiac cycle.
The accuracy of our TVW method was tested on simulated data. Results indicated the precision of the method in segmenting and tracking the correct segment of interest, despite respiratory and cardiac motions. The simulated data were of five different cardiac cycles. Figure 4 shows that our proposed method was able to capture diameter changes accurately through the cardiac cycle. The computed diameter variability was also in agreement with the ground truth result. Tests on patients' coronary angiographies (Fig. 9) showed that the diameter changes evolved with the corresponding ECG signal. An increase in diameter coincided with the heart relaxation phase, when the flow in the coronary arteries is maximal, and the same artery showed a decrease with heart contraction. These results are encouraging and indicate that distensibility can be measured directly from monoplane 2D X-ray sequences. Other studies [3, 4] have reported on the correlation between diameter measurements from 2D angiograms with pathology scoring. It is suggested that our proposed method could be used for the detection of variation of arterial stiffness, which could represent early stages of arterial disease in conditions such as atherosclerosis of large and small vessels, Kawasaki disease or vascular rejection following solid organ transplantation (heart, kidney, liver, etc). Further clinical studies are required to validate this suggestion.
Future work will focus on enhancing the robustness of the TVW method to the motion of the coronary arteries in the moving sequence. A length term and a curvature term should be added to the model to ensure that the method is tracking the segment of the same length in the sequence. Moreover, other diameter measurement approaches should be considered to enhance the precision of the computations. Finally, since we noticed in this work the possibility of capturing diameter changes from 2D monoplane angiographies, a second step will be to conduct a full study on classifying healthy versus pathological arteries from these angiographies through the evaluation of the diameter changes in time. Indeed, a pathological artery will show smaller diameter variation than a healthier one under the same blood pressure.
In conclusion, the TVW method was evaluated for its ability to segment and track a specific part of a blood vessel in 2D X-ray sequences. The results show the method was able to capture diameter changes in the artery according to heart contraction and relaxation. The performance of the proposed method showed accuracy in segmenting, tracking, and measuring diameter variation in coronary arteries and the ascending aorta. Experimental tests were applied using simulated and real sequences of coronary arteries and on sequences displaying the ascending aorta. Results were encouraging for this method's ability to track the right section of the artery and for measuring diameter variations accurately. The method was able to capture diameter changes in both large and thin vessels, which aligned with systole and diastole.
This proposed automatic method appears effective and efficient at segmenting, tracking, and measuring a blood vessel's diameter from monoplane 2D X-ray sequences. Such information might become a key to help physicians in the detection of variations of arterial stiffness associated with early stages of various vasculopathies. 
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